This study investigates the fate of nitrogen species during nitrate reduction by nanoscale zero valent iron (NZVI) as well as the related kinetics. The NZVI used for the experiments was prepared by chemical reduction without a stabilizing agent. The pseudo first order kinetic constant of nitrate reduction at 308C with an NZVI/nitrate ratio of 1.25:1, which were the reference conditions of this study, was 4.08 h 21 (R 2 ¼ 0.955). A nitrogen mass balance was established by quantitative analysis of aqueous-phase and gas-phase nitrogen species. The results confirm that the nitrate was converted to ammonium ion, that ammonia stripping subsequently occurred under a strong alkaline condition, and that the total amount of aqueous nitrogen was consequently reduced.
eliminated. Hence, some researchers (Choe et al. 2000) suggested that the final reaction product would be nitrogen gas, which is an ideal product of nitrate reduction.
However, no clear pathway has been determined yet.
Therefore, the fate of nitrogen should be studied to gain a better understanding of the behavior of nitrogen during nitrate reduction by NZVI. In this study, gas-phase nitrogen species analysis and nitrogen mass balance are used for detailed elucidation of nitrate reduction mechanisms.
The way different reaction conditions affect the reaction kinetics is also evaluated for the purpose of characterizing the reaction kinetics.
METHODS Chemicals
Ferric chloride ( Junsei Chemical Co., Japan) and sodium borohydride (Samchun Pure Chemical Co., Korea) were used for the NZVI synthesis. Potassium nitrate (Duksan Pure Chemical Co., Korea) was used to prepare a nitrate stock solution, and HEPES (Sigma-Aldrich Inc., USA), sodium hydroxide (Jin Chemical Pharmaceutical Co., Korea), and hydrochloric acid (Jin Chemical Pharmaceutical Co., Korea) were used for the pH adjustment.
All solutions were prepared with deionized water after deoxygenation by purging with argon gas for 4 h.
Synthesis and characterization of NZVI
In this research, the mild chemical reduction of metal salts in a solution phase, which had chemical homogeneity as a key advantage, was used to prepare NZVI (Wang & Zhang 1997) . The NZVI was synthesized in a 500 mL flask reactor with four open necks. One of the necks was housed with a tunable mechanical stirrer at 60 to 500 rpm. For the reduction of ferric ion to NZVI, a dropping funnel was used (at a rate of 1 drop/s) to introduce 250 mL of borohydride solution (358.4 mM) into 250 mL of ferric ion (Fe 3 þ ) solution (71.7 mM). The reduction reaction is expressed as follows (Zhang & Huang 2005) :
The NZVI was collected by centrifugation of the solution after 20 min of aging. The collected particles were then washed three times with a large amount of degassed deionized water. The prepared NZVI was immediately used for a batch experiment. The NZVI was characterized with the help of a transmission electron microscope (TEM, Tecnai F20, Philips Electronics Co., Eindhoven, Netherlands), a particle size analyzer (ELS-8000, Otsuka
Electronics Co., Osaka, Japan) and a Brunauer Emmett
Teller(BET) surface area analyzer (Sorptomatic 1990 Surface Area Analyzer, Thermo Fisher Scientific Inc., Waltham, MA, USA).
Nitrate reduction by NZVI
Batch tests for nitrate reduction were conducted in 1 L Schlenk flasks (Figure 1 ). The reactor was filled with 700 mL of nitrate solution, and the solution was purged with argon gas before the injection of NZVI. Then, 100 mL of an NZVI slurry containing 1 g of NZVI was added to the reactor, which contained 100 mg/L of nitrate. The solution was continuously stirred with a mechanical stirrer. Samples were taken periodically; they were filtered with 0.45 mm syringe filters; and they were then analyzed immediately.
Argon gas was blown continually into the reactor to maintain an anoxic condition during the reaction.
The off-gas from the reactor throughout the entire reaction period was absorbed in 200 mL of acidic solution so that gas-phase nitrogen species, such are ammonia and gaseous nitrogen (N 2 ), could be analyzed. The reaction rate of the 
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Property of NZVI
The TEM morphologies of the prepared NZVI in this study are shown in Figure 2 However, the pathways and end products have not yet been clearly determined.
A series of experiments was conducted in the following three steps to determine the fate of nitrogen species: Firstly, the head space gas of an air-tight reactor in which the reaction of NZVI and nitrate occurs was analyzed for nitrogen gas. Secondly, an aqueous solution of ammonia was put into the reactor with NZVI to investigate the conversion of ammonia to nitrogen gas. Finally, the off-gas from the reactor operated under the reference conditions was collected in an acidic solution during the reaction period and analyzed for absorbed ammonia so that the nitrogen in the aqueous phase and gas phase could be completely balanced.
The nitrogen gas generation was investigated with a series of 100 mL air-tight serum bottles under the reference conditions, and the head space air was analyzed by means of gas chromatography. The nitrate was reduced in a short time, and the total nitrogen concentration in the aqueous phase decreased as shown in the previous experiment.
However, no nitrogen gas was detected in the head space of any samples. Clearly, nitrogen gas was not a final end 
The result also indicates that the decrease in the ammonia concentration in the liquid phase of the reaction is a consequence of the stripping in the high pH region.
For analysis of the gas-phase ammonia and as the last verification step, the off-gas of the reactor, which operated under reference conditions, was collected and absorbed into an acidic solution during the reaction period. The ammonia concentration of the stripped solution was 132.7 mg/L, which corresponds to the ammonia nitrogen amount of 26.54 mg.
The final mass balance of this experiment is presented in Figure 4 (b). Almost half (46.39%) of the nitrogen disappeared in the liquid phase. Moreover, 71% of the TN loss in the aqueous phase was collected in an absorption solution, and most of the total nitrogen mass was conserved.
Ammonia was clearly an end product of the nitrate Both reactions have a negative Gibbs free energy value, which indicates a spontaneous reaction. The ammonium ion and the nitrogen gas could therefore be a product of the nitrate reduction. However, the reaction to the ammonium ion has a higher equilibrium constant because the negative Gibbs free energy value is higher than that of the reaction to nitrogen gas. Moreover, the ammonium ion is more thermodynamically favorable end-product of the reaction. The results show that the fate of the nitrogen species during the nitrate reduction by NZVI was clearly determined. That is, the nitrate was converted to nitrite and ammonium by NZVI; and ammonia, the reaction product, was stripped from the aqueous phase to the gas phase under the high pH condition that resulted from the reaction. The nitrate reduction by NZVI has a similar pathway to the ammonium ions with assimilatory nitrate reduction by enzymes in most plants, algae, yeast and bacteria (Martinez-Espinosa et al.
2007).
Effects of operating conditions on nitrate reduction by NZVI NZVI shows much higher reaction rates than those of the microscale ZVI in the literature (Ahn et al. 2008 ) mainly due to its smaller size and higher specific surface area.
In addition, some of catalytic effects that are specific to nanoscale chemistry can contribute to the reactivity. and solids turn into liquids at room temperature (gold) (Uskokovic 2007) . The high reactivity of NZVI might therefore be an effect of catalytic behavior. The catalytic behavior of NZVI was determined by studying the effects of specific operating conditions, namely the temperature, initial pH, and use of a buffer. The results, which are presented in Table 1 , were compared with the results of microscale ZVI.
Under operating temperatures of 308C, the nitrate removal was 67.6% after 10 min, the pseudo first order rate constant was 4.08 h 21 (R 2 ¼ 0.9551), and the surface area -normalized rate constant was 0.0413 L h 21 m 22 .
However, when the reaction temperature was 508C, the nitrate removal by NZVI was significantly enhanced to 96.2% after 10 min. The pseudo first order rate constant was That is, a low pH dissolves away the ferrous hydroxide and other protective layers on the surface of the ZVI, yielding fresh reactive sites for chemical reduction (Zhang & Huang 2006) . Furthermore, a greater amount of H þ is supplied under a low pH condition, promoting a faster reaction. The way the temperature and pH value affect the reaction rates is similar to the behavior of the microscale ZVI.
On the other hand, the effect of the buffer on nitrate reduction by NZVI is different from the results of study on microscale ZVI. That study shows better reactivity under a buffered solution (Zhang & Huang 2005) . The reaction rate was dramatically decreased when a buffer was added to the reactant solution, and iron ions erupted in a 250 mg/L solution due to the lower pH condition ( Figure 6 ).
This outcome is in good agreement with the results of the equilibrium model presented in Table 2 . That model indicates that most of the iron exists as aqueous-phase ion in a buffered condition.
The differences between NZVI and microscale ZVI under a buffered condition and a basic condition during nitrate reduction cannot be explained solely on the basis of the high surface area of NZVI. A core-shell structure model was suggested as a means of explaining the special features of NZVI (Figure 7 ). Table 2 shows that iron hydroxide is the dominant species in an unbuffered condition. Accordingly, the iron/iron hydroxide core-shell structure appears to have been obtained under an unbuffered condition. The core consists of metallic iron, whereas the outer shell consists of iron oxides and hydroxides. An iron oxide coating acts as a barrier for the transfer of electrons and hinders the reaction of microscale ZVI due to the long distance of the electron transfer between the core and the shell.
However, for NZVI, the shell structure acts as a sorbent of reactants on the surface of the NZVI, and further reactions subsequently occur in the shell structure.
This theory was originally based on the small size of the NZVI, especially from the distribution of atoms at catalyst surfaces and in bulk phase according to particle size. Due to their lower coordination, the surface atoms differ from the bulk atoms in terms of their electrical and thermophysical
properties. When the ratio of surface atoms to bulk atoms becomes significant, the bulk material can exhibit the properties of the surface atoms (Yetter et al. 2009 ).
This outcome means that most of the iron atoms act as surface atoms, which implies that they participate in reactions with contaminants. For NZVI synthesized by the addition of borohydride, the presence of boron may also play a role in the electronic properties of the oxide shell (Lowry & Johnson 2004) . Therefore, a reduction reaction is not hindered by the electron transfer through an iron oxide shell structure. Liu et al. (2005) reported that the shell structure never grows thick enough to hinder the electron transport across the shell and it apparently dissolves within a reaction period of 2.5 days. Accordingly, the reaction mechanism of NZVI is very different to that of microscale ZVI because of the size of the NZVI and its unique size-induced features.
CONCLUSION
The fate of nitrogen species during nitrate reduction by NZVI was investigated by quantitative analyses of nitrogen species in an aqueous phase and gas phase of off-gas from a reactor. Ammonia is the major product of the nitrate reduction by NZVI, and it is stripped to a gas phase at a high pH value as a result of the consumption of H þ during the reaction. The final mass balance of nitrogen in an aqueous phase and a gas phase has an initial value of 86.49%. This percentage strongly supports the proposed fate of nitrogen. In addition, the nitrate reduction is faster with NZVI than with microscale ZVI, and the reaction rate increases as the temperature increases and as the value of the pH decreases. However, when a buffered condition is used to maintain a neutral pH, the reaction rate decreases in a manner that is contrary to the phenomena observed with microscale ZVI. This behavior can be explained by the distribution of atoms in the core-shell structure that is specific to NZVI.
